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ABSTRACT The nonreceptor tyrosine kinase FAK (‘‘fo-
cal adhesion kinase’’) is a key mediator of integrin signaling
events controlling cellular responses to the extracellular
matrix, including spreading, migration, proliferation, and
survival. Integrin-ligand interactions stimulate FAK tyrosine
phosphorylation and activation of FAK signaling functions.
Here evidence is presented that the FAK autophosphorylation
site Tyr-397 mediates a direct interaction with the C-terminal
Src homology 2 domain of phospholipase C (PLC)-g1 and that
this is required for both adhesion-dependent association of the
two molecules and increased inositol phosphate production in
mouse embryo fibroblasts. Overexpression of FAK and
PLC-g1 in COS-7 cells increases PLC-g1 enzymatic activity
and tyrosine phosphorylation, also dependent on FAK Tyr-
397. However, FAK appears incapable of directly phosphor-
ylating PLC-g1. These observations suggest a role for FAK in
recruiting PLC-g1 to the plasma membrane at sites of cell-
matrix adhesion and there promoting its enzymatic activity,
possibly by releasing the repression caused by intramolecular
interactions of the PLC-g1 Src homology domains andyor by
positioning it for phosphorylation by associated Src-family
kinases. These findings expand the known signaling functions
of FAK and provide mechanistic insight into integrin-
stimulation of PLC-g1.

The interactions of integrins with their ligands, including
components of the extracellular matrix, influence diverse
cellular traits and activities including survival, proliferation,
differentiation, and migration (1, 2). Focal adhesion kinase
(FAK) has emerged as a primary mediator of integrin signaling
(3). FAK is a nonreceptor tyrosine kinase that colocalizes with
integrins at sites at which cells make close adhesive contact
with the extracellular matrix substratum (4, 5). Integrin-
mediated cell adhesion promotes rapid FAK tyrosine phos-
phorylation (5), which, like receptor tyrosine kinases, results in
the activation of signaling functions.

Six FAK tyrosines (397, 407, 576, 577, 861, and 925) have
been identified as sites of adhesion-dependent phosphoryla-
tion (3). Of these, Tyr-397 is the only apparent site of
autophosphorylation (6). Phosphorylation of Tyr-397 creates
a high-affinity binding site for the Src homology 2 (SH2)
domains of Src-family tyrosine kinases, including c-Src and Fyn
(6, 7), which could promote their activation by C-terminal tail
displacement. Phosphotyrosine (pTyr) 397 appears to have
other signaling roles, however, as this site also mediates
interactions with SH2 domains of the p85 subunit of phospha-
tidylinositol 3-kinase (PI3K) (8). Unlike Tyr-397, the other
FAK phosphoacceptor tyrosines are not autophosphorylation
sites. Rather, they appear to be phosphorylated by Src-family
kinases that associate with FAK (3). Phosphorylation of
Tyr-576 and Tyr-577, which lie in the FAK kinase domain
activation loop, appears to elevate FAK catalytic activity (9,

10). Phosphorylation of Tyr-925 creates a binding site for the
Grb2 SH2 domain (11). Signaling functions have yet to be
assigned to FAK Tyr-407 and Tyr-861, although the conser-
vation of these sites in diverse vertebrates suggests a possible
SH2 binding function.

Here we report that FAK can directly interact with the g1
isoform of phospholipase C (PLC-g1)—an enzyme that cata-
lyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate to
generate the second messengers diacylglycerol, which activates
protein kinase C, and inositol 1,4,5-trisphosphate, which mo-
bilizes intracellular Ca21. The FAKyPLC-g1 interaction is
mediated by the C-terminal SH2 domain of PLC-g1 (PLC-g1-
SH2C) binding to FAK pTyr-397 and appears to promote
PLC-g1 activation in response to cell adhesion.

MATERIALS AND METHODS

Cells, Cell Culture, and Fibronectin-Replating. BALByc 3T3
mouse fibroblasts and COS-7 cells and culture conditions have
been described (9). ‘‘TetFAK(WT)’’ and ‘‘TetFAK(F397)’’ (10)
are mouse embryo fibroblasts initially derived from FAK-null
E8.0 embryos and engineered to inducibly express either WT-
FAK or F397-FAK, respectively, under control of the tetracycline
repression system. Tet-FAK cells were maintained in DMEM
supplemented with 4,500 mgyliter D-glucose, 584 mgyliter glu-
tamine, 1 mM sodium pyruvate, 100 unitsyml penicillin, 100
mgyml streptomycin, 0.25 mgyml Amphotericin B, 1 mM nones-
sential amino acids (all from GIBCOyBRL), and 10% fetal
bovine serum (Atlanta Biologicals, Norcross, GA). Tetracycline
(Calbiochem) at 1.0 mgyml was included to maintain Tet-FAK
cells in the uninduced state, and FAK expression was induced by
culturing 48 hr in the absence of tetracycline. Cell detachment
and fibronectin-replating were carried out as described (5), except
cells were starved before detachment by incubating 20 hr in
DMEM containing 0.5% fetal bovine serum.

Glutathione S-Transferase (GST)–SH2 Binding Assays.
pGEX plasmids expressing SH2 domains fused to GST were
kindly provided by Peter van der Geer (Univ. of California,
San Diego), Tony Pawson (Samuel Lunenfeld Research Insti-
tute), and Lan Bo Chen (Dana-Farber Cancer Institute). The
cDNA inserts were confirmed by sequencing to encode the
following residues: bovine PLC-g1-SH2C (amino acids 663–
759) and -SH2N (amino acids 545–659), bovine p85-SH2C
(amino acids 614–724) and -SH2N (amino acids 333–446),
human SHC (amino acids 318–473), chicken c-Src (amino
acids 148–251), mouse SHP-2 (Syp) -SH2C (amino acids
108–215), and chicken tensin (amino acids 1,417–1,593). Ap-
proximately 50 mg of each GST-SH2 protein (or GST alone),
expressed in Escherichia coli and adsorbed to glutathione-
agarose (12), was added to cell lysates (0.5 mg total protein in
1.0 ml) prepared in Nonidet P-40 buffer [1% Nonidet P-40y50
mM TriszHCl, pH 7.4y150 mM NaCly50 mM NaFy2 mM
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Nazorthovanadatey1% aprotinin (Sigma)y13 protease inhib-
itor mixture (Calbiochem)], and samples were incubated 2 hr
at 4°C with constant rocking to allow binding of cellular
protein. After extensive washing in Nonidet P-40 buffer, bound
protein was resolved by SDSyPAGE and was subjected to
immunoblot analysis.

Protein Expression in COS-7 Cells. The mammalian ex-
pression vector pRCyCMV (Invitrogen) was engineered to
express mouse FAK (5) in which N-terminal residues (MAA)
are replaced by the c-Myc epitope MEQKLISEEDLGSP.
Plasmids expressing Myc-tagged FAK variants were con-
structed by replacing relevant small restriction fragments of
the resulting pRCyCMV-MycFAK(WT) with those isolated
from pRCyCMV-FAKHA plasmids (9). pRCyCMV-
Src(F535) expresses a constitutively active mouse c-Src (neu-
ronal form) (13). Rat PLC-g1 with an N-terminal triple-HA
epitope tag was expressed from pcDNA3.1 (Invitrogen). All
constructs were confirmed by sequencing. Plasmids were
transfected into subconfluent cultures of COS-7 cells by using
Lipofectamine (GIBCOyBRL), and lysates were analyzed
after 48 hr.

Immunoprecipitation, Immunoblotting, and ‘‘Far-Western’’
Analysis. For immunoprecipitation, cell lysates were prepared
in Nonidet P-40 buffer and were adjusted to a protein con-
centration of 0.5 mgyml. FAK was immunoprecipitated from
Tet-FAK cells by using 1 mgyml polyclonal antibody C-20
(Santa Cruz Biotechnology). Myc epitope-tagged FAK and
HA epitope-tagged PLC-g1 were immunoprecipitated by us-
ing 3 mgyml monoclonal antibody 9E10 (Calbiochem) or
monoclonal antibody 12CA5 (Boehringer Mannheim), respec-
tively, followed by rabbit anti-mouse IgG polyclonal antibody
(10 mgyml, Cappel). Immunoprecipitates were collected on
protein-A Sepharose (Zymed) and were washed extensively in
Nonidet P-40 buffer followed by washing buffer (50 mM
TriszHCl, pH 7.5y100 mM NaCly2 mM EGTAy0.1% Nonidet
P-40y50 mM NaFy1 mM Nazorthovanadate) before further
analysis. For immunoblotting, proteins in immunoprecipitates
were resolved by SDSyPAGE and were transferred to nylon or
nitrocellulose membranes. After blocking, the blots were
probed with either rabbit antisera 331 (5) (1:500 dilution) to
detect nontagged FAK, monoclonal antibody 9E10 (1 mgyml)
to detect epitope-tagged FAK, monoclonal 12CA5 (1 mgyml)
to detect epitope-tagged PLC-g1, polyclonal antibody 1249
(Santa Cruz Biotechnology) to detect nontagged PLC-g1, and
monoclonal 4G10 (1 mgyml, Upstate Biotechnology, Lake
Placid, NY) to detect pTyr. Bound antibodies were visualized
by either enhanced chemiluminescence or autoradiography by
using [125I] protein-A (ICN). To reprobe a blot, antibodies
were stripped by incubating in 100 mM 2-mercaptoethanol, 2%
SDS, and 62.5 mM TriszHCl (pH 6.7) at 50°C for 30 min. For
Far-Western analysis (14), blots containing FAK variants were
probed with 2 mgyml GST-SH2 fusion protein, and bound
fusion protein was detected by using 1 mgyml polyclonal
antibody against GST (Sigma).

In Vitro Phosphorylation of PLC-g1. Kinase reactions were
performed in 50 ml kinase assay buffer [50 mM Hepes, pH
7.4y10 mM MnCl2y1 mM DTTy10 mCi [g-32P] ATP (4,500
Ciymmol, ICN)] containing 1 mg of baculovirus-expressed
PLC-g1 (15) and either 1 mg of baculovirus-expressed FAK
(16) or 15 units of recombinant c-Src (Upstate Biotechnology).
In some experiments, 22 mM PD161430 (Src-selective inhibitor
‘‘4f’’ in ref. 17) was included. After incubating 20 min at 25°C,
reactions were stopped by adding an equal volume of 23
SDSyPAGE sample buffer, and protein phosphorylation was
assessed by SDSyPAGE–autoradiography.

In Vitro Assay of PLC-g1 Activity. HA-tagged PLC-g1,
coexpressed with Myc-tagged FAK variants in COS-7 cells,
was immunoprecipitated by using 12CA5 monoclonal anti-
body. After a final wash in 50 mM NaH2PO4y100 mM KCl, the
immunoprecipitates were assayed for PLC-g1 activity by mea-

suring [3H]inositol 1,4,5-trisphosphate produced by hydrolysis
of [3H]phosphatidylinositol 4,5-bisphosphate (18).

In Vivo Assay of PLC Activity. Subconfluent Tet-FAK cells
were incubated 48 hr in serum-free DMEM, followed by 8 hr
in serum-free inositol-free DMEM (GIBCOyBRL) and 16 hr
in serum-free inositol-free DMEM containing 1 mCiyml myo-
[2-3H] inositol (25 mCiymmol, NEN). After an additional 1 hr
incubation in the same media lacking the isotope followed by
20 min in the same media containing 20 mM LiCl, cells were
detached by trypsin and were held in suspension in serum-free
inositol-free DMEM containing 20 mM LiCl. Half of the cell
suspension ('105 cells) was replated in the presence of 20 mM
LiCl onto a fibronectin-coated tissue culture well (6-well plate;
Becton Dickinson) and was allowed to attach and spread for
30 min at 37°C whereas the other half was held in suspension
at 37°C. The fibronectin-adherent and suspended cells then
were washed separately in PBS and were treated with 750 ml
of 20 mM formic acid for 30 min on ice to extract inositol
phosphates. The extracts were neutralized by adding 250 ml of
50 mM NH4OH, insoluble material pelleted by centrifugation,
and supernatants applied to AG1-X8 ion-exchange columns to
separate inositol phosphates (19). The formic acid pellets were
dissolved in 50 mM TriszHCl (pH 8.0), 1% SDS, and 0.8%
Nonidet P-40 and were measured for protein concentration by
using the bicinchoninic acid assay (Pierce). Total inositol
phosphates were measured by scintillation counting of 3H in
appropriate column fractions and were expressed as cpmymg
protein.

RESULTS

FAK pTyr-397 Is Recognized by the C-Terminal SH2 Do-
main of PLC-g1. To explore possible signaling events associ-
ated with FAK tyrosine phosphorylation, a variety of SH2
domains, expressed as GST fusions and coupled to agarose
beads, were tested for their ability to form a stable complex
with FAK from lysates of adherent BALByc-3T3 fibroblasts
(Fig. 1A). Of those tested, the SH2 domain from c-Src most
efficiently recovered FAK from the lysate whereas significant
FAK recovery also was obtained by using PLC-g1-SH2C and
the two SH2 domains of the p85 subunit of PI3K. Little or no
FAK was recovered by other SH2 domains, including PLC-
g1-SH2N, SHC, SHP2-SH2C, and tensin. Because the poten-
tial of a direct signaling link between FAK and PLC-g1 has not
been extensively examined, we decided to study the interaction
between these two proteins and to investigate the possibility
that FAK plays a role in activating PLC-g1 signaling in
response to integrin-mediated cell adhesion.

To determine the FAK phosphorylation site(s) required for
association with PLC-g1-SH2C, GST-SH2 pull-down assays
were performed by using lysates prepared from transfected
COS-7 cells expressing either wild-type (WT) FAK or various
FAK mutants, including phenylalanine substitutions for
known phosphoacceptor tyrosines. The FAK variants were
tagged at their N terminus with the c-Myc epitope to permit
their specific detection by using monoclonal antibody 9E10. As
shown in Fig. 1B Top), WT-FAK was efficiently recognized by
PLC-g1-SH2C. Substitution of FAK Tyr-397 with phenylala-
nine (F397) was sufficient to completely eliminate the inter-
action whereas substituting FAK Tyr-407 (F407) had no effect.
Phenylalanine substitutions for the activation loop tyrosines
(F576yF577) partially inhibited the recovery. Because the
F576yF577 substitutions negatively affect FAK kinase activity
(9, 10), the reduced interaction of this FAK variant with
PLC-g1-SH2C is likely attributable to reduced autophosphor-
ylation of Tyr-397. Supporting this, the ‘‘kinase-dead’’ Arg
substitution for the ATP-binding Lys-454 (R454) was also
poorly recovered by PLC-g1-SH2C, and both F576yF577 and
R454 variants exhibited greatly reduced pTyr levels (Fig. 1B).
It was important to rule out the possibility that PLC-g1-SH2C
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binds to a site other than Tyr-397, but one that becomes
phosphorylated as a result of Src-kinases interacting with
Tyr-397. Therefore, the PLC-g1-SH2C pull-down experiments
were repeated by using COS-7 cell lysates in which the FAK
variants were coexpressed with a catalytically active Src kinase
to achieve high levels of FAK tyrosine phosphorylation, even
in the absence of FAK kinase activity and Tyr-397 phosphor-
ylation. As shown in Fig. 1C, F397-FAK coexpressed with Src

was again unable to interact with PLC-g1-SH2C. That the
other sites of FAK tyrosine phosphorylation became elevated
as a result of the Src coexpression is indicated by the high pTyr
content of F397-, F576yF577-, and R454-FAK, as well as the
now efficient recognition of the latter two variants by PLC-
g1-SH2C.

To determine whether the interaction between tyrosine-
phosphorylated FAK and PLC-g1-SH2C is direct, a Far-
Western binding analysis was carried out on the epitope-
tagged FAK variants, isolated after coexpression with Src in
COS-7 cells, by using GSTPLC-g1-SH2C as a probe. The
probe bound to immobilized WT-FAK as well as to the F407,
F576yF577, and R454 variants but was unable to recognize
F397-FAK (Fig. 1D). These results further demonstrate the
requirement for FAK Tyr-397 in the interaction with PLC-
g1-SH2C and indicate that this interaction is direct.

FAK and PLC-g1 Associate when Coexpressed in COS-7
Cells. To determine whether full length PLC-g1 interacts with
FAK in intact cells, HA epitope-tagged PLC-g1 (HA-PLC-g1)
was coexpressed in COS-7 cells together with WT vs. mutant
forms of Myc epitope-tagged FAK, and their association was
analyzed by co-immunoprecipitation using antibodies against
the tags. (Activated Src was not coexpressed in these experi-
ments.) As shown in Fig. 2A Top), HA-PLC-g1 is detected in
immunoprecipitates of WT- and F407-FAK but not those of
F397- and R454-FAK, indicating an interaction mediated by
FAK autophosphorylation and PLC-g1-SH2C binding to
pTyr-397. Consistent with previous data indicating lower levels
of Tyr-397 phosphorylation in F576yF577-FAK, much less
HA-PLC-g1 was detected in the immunoprecipitates of this
variant.

FAK Stimulates PLC-g1 Tyrosine Phosphorylation and
Enzymatic Activity. It was of interest to determine whether the
ability of FAK to interact with PLC-g1 was associated with
increased PLC-g1 tyrosine phosphorylation andyor enzymatic
activity. The relative pTyr content of HA-PLC-g1, when
coexpressed in COS-7 cells with the epitope-tagged FAK
variants, was determined by anti-pTyr immunoblotting. As
shown in Fig. 2B, HA-PLC-g1 pTyr was not evident when the
phospholipase was expressed alone (vector lane), indicating
that endogenous COS-7 cell tyrosine kinases are unable to
bring about significant HA-PLC-g1 phosphorylation. How-
ever, coexpression of either WT- or F407-FAK resulted in
detectable tyrosine phosphorylation of HA-PLC-g1. Expres-
sion of either F397-FAK or R454-FAK failed to effectively
promote tyrosine phosphorylation of HA-PLC-g1, indicating
a requirement for FAK autophosphorylation. Although some
HA-PLC-g1 could be detected in F576yF577-FAK immuno-
precipitates (Fig. 2 A), coexpression of this variant was also
unable to promote detectable HA-PLC-g1 tyrosine phosphor-
ylation (Fig. 2B).

To determine whether PLC-g1 enzymatic activity is elevated
in correlation with the FAK interaction, HA-PLC-g1 was
again expressed in COS-7 cells together with the FAK variants
(or FAK vector control) and then was recovered by immuno-
precipitation, and phospholipase activity was measured. Co-
expression of WT- or F407-FAK modestly stimulated PLC-g1
activity by '35% over the activity measured from cells ex-
pressing only HA-PLC-g1 (Fig. 2C). This FAK-enhanced
phospholipase activity was not observed on coexpression of
either F397- or R454-FAK. Coexpression of F576yF577-FAK
also stimulated PLC-g1 activity, but somewhat less than WT-
or F407-FAK. In view of the inability of F576yF577-FAK to
effectively promote tyrosine phosphorylation of PLC-g1, the
observed stimulation of PLC-g1 activity by this variant sug-
gests that the SH2 interaction with FAK may directly activate
PLC-g1, although tyrosine phosphorylation of PLC-g1 may
further elevate activity.

FAK Does Not Directly Phosphorylate PLC-g1. The above
observations give no indication as to whether PLC-g1 is

FIG. 1. The C-terminal SH2 domain of PLC-g1 interacts with FAK
pTyr397. (A) Lysates of adherent BALByc-3T3 cells were incubated
with various GST-SH2 proteins (or GST only) immobilized on gluta-
thione agarose beads. Proteins ‘‘pulled down’’ by the beads were
separated by SDSyPAGE and were immunoblotted (IB) with anti-
FAK polyclonal antibody 331. (B) Lysates of COS-7 cells expressing
Myc-tagged FAK (mFAK) variants (WT, F397, F407, FF576y7, or
R454) were subjected to GST-PLC-g1-SH2C pull-down [PD:
PLCSH2(C)], and the presence of mFAK variants was detected by
immunoblotting with anti-Myc antibody 9E10 (Top). Relative mFAK
protein and pTyr levels in the lysates were determined by immuno-
precipitation with 9E10 followed by immunoblotting with either 9E10
(Bottom) or anti-pTyr antibody 4G10 (Middle), respectively. (C)
mFAK variants were coexpressed with activated Src in COS-7 cells,
and lysates were examined for their association with GST-PLC-g1-
SH2C (Top), tyrosine phosphorylation (Middle), and protein levels
(Bottom) as above. (D) mFAK variants coexpressed with active Src in
COS-7 cells were isolated by immunoprecipitation using 9E10 anti-
body and were assessed for direct binding of GST-PLC-g1-SH2C by
Far-Western (FW) analysis (Top). The membrane was sequentially
stripped and reprobed with 4G10 (Middle) and 9E10 (Bottom) anti-
bodies to determine relative mFAK pTyr and protein levels, respec-
tively. The FAK expression vector alone was used as control for assays
in B, C, and D.
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phosphorylated by FAK directly or by another FAK-activated
or FAK-associated tyrosine kinase, such as c-Src. To clarify
whether FAK can directly phosphorylate PLC-g1, in vitro
kinase assays were conducted by using baculovirus-expressed
PLC-g1 and FAK. To eliminate possible Src-kinase activity
associated with the recombinant FAK protein, the Src-
selective inhibitor PD161430 was included in the kinase reac-
tion. As shown in Fig. 3, PLC-g1 was not phosphorylated by
FAK, even though strong FAK autophosphorylation activity
was observed. Similar experiments carried out with baculo-
virus-expressed c-Src, however, confirmed previous reports
(20, 21) that PLC-g1 can serve as a Src substrate. These data
suggest that the observed ability of FAK to promote PLC-g1
tyrosine phosphorylation when the two proteins are coex-
pressed in COS-7 cells is not attributable to direct phosphor-

ylation by FAK but is possibly a result of the ability of FAK to
interact with and activate Src-family kinases.

Cell Adhesion to Fibronectin Stimulates PLC-g1 Activity
and Association with FAK, Dependent on Tyr-397. We next
investigated the possibility that FAK plays a regulatory role in
adhesion-induced PLC-g1 activation. For these experiments,
we used mouse fibroblast cell lines, TetFAK(WT) and Tet-
FAK(F397), that lack endogenous FAK but inducibly express
either WT-FAK or F397-FAK, respectively, under control of
the tetracycline-repression system (10). As shown in Fig. 4A,
endogenous PLC-g1 is readily detected in the FAK immuno-
precipitates of adherent normally growing cells induced to
express WT-FAK but could not be similarly detected in cells
expressing F397-FAK. Moreover, the coimmunoprecipitation
of PLC-g1 with WT-FAK was abolished when the cells were
trypsinized and held in suspension but was reestablished within
30 min of cell replating onto fibronectin (Fig. 4B).

To determine whether the adhesion-dependent interaction
of FAK with PLC-g1 is associated with increased PLC-g1
activity, inositol phosphate production was measured in in-
duced vs. uninduced TetFAK(WT) and TetFAK(F397) cells.
Cells were labeled with [3H]myo-inositol and either were
trypsinized and held in suspension or were replated onto
fibronectin for 30 min before total inositol phosphates were
extracted, were separated on anion-exchange columns, and
were measured by liquid scintillation counting. Cells express-
ing WT-FAK and plated onto fibronectin produced '2.53 the
amount of inositol phosphates as compared with the same cells
held in suspension during the same time period [Fig. 4C,
TetFAK(WT), 2Tet]. This adhesion-stimulated increase in
inositol phosphate production was not observed for the unin-
duced (1Tet) TetFAK(WT) cells, indicating that FAK ex-
pression was required for the response. Moreover, cells ex-
pressing F397-FAK also failed to show the adhesion-
stimulated increase in inositol phosphate production [Fig. 4C,
TetFAK(F397), 2Tet]. Thus, FAK Tyr-397 mediates a stable,
adhesion-induced association with PLC-g1 in cultured fibro-
blasts, and this is associated with activation of PLC activity.

DISCUSSION

The major finding of this study is that FAK plays a signaling
role leading to activation of PLC-g1 in response to integrin-
mediated cell adhesion. This response requires FAK Tyr-397

FIG. 2. FAK associates with PLC-g1 and stimulates PLC-g1 ty-
rosine phosphorylation and enzymatic activity in COS-7 cells. (A)
Myc-tagged FAK (mFAK) variants (or FAK vector only control) were
transiently coexpressed in COS-7 cells together with HA-tagged
PLC-g1, and mFAK variants were immunoprecipitated (IP) with
antibody 9E10. Coprecipitation of HA-PLC-g1 was assessed by prob-
ing immunoblots (IB) with anti-HA antibody 12CA5 (Top), and
relative amounts of immunoprecipitating mFAK were visualized by
immunoblotting with 9E10 (Middle). Expression of HA-PLC-g1 was
assessed by immunoblot analysis of whole cell lysates using 12CA5
(Bottom). (B) HA-PLC-g1 coexpressed in COS-7 cells with mFAK
variants (or vector only) was immunoprecipitated with 12CA5 anti-
body and was analyzed for pTyr content by immunoblot analysis using
anti-pTyr antibody 4G10 (Top). Recovery of HA-PLC-g1 was deter-
mined by probing immunoblots with 12CA5 antibody (Middle), and
expression of mFAK was determined by immunoprecipitationy
immunoblot analysis using 9E10 antibody (Bottom). (C) HA-PLC-g1
coexpressed in COS-7 cells with mFAK variants (or vector only) was
immunoprecipitated with 12CA5 antibody and was analyzed for
hydrolytic activity toward [3H]phosphatidylinositol 4,5-bisphosphate.
PLC-g1 activity is presented as cpm [3H]inositol 1,4,5-trisphosphate
released (mean values 1 SEM from four independent experiments).
Separate immunoblots (not shown) confirmed that near-equal
amounts of HA-PLC-g1 were assayed under each condition and that
near-equal amounts of mFAK variants were coexpressed.

FIG. 3. FAK does not phosphorylate PLC-g1 in vitro. Recombinant
PLC-g1 was incubated either alone or in the presence of recombinant
FAK or recombinant c-Src in a kinase assay reaction mixture con-
taining [g-32P]ATP. The Src-selective inhibitor PD16430 was included
in some reactions to guard against possible contamination of the FAK
or PLC-g1 preparations with Src-family kinases. After the reactions,
proteins were separated by SDSyPAGE, and [32P]-labeled proteins
were detected by autoradiography.
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and apparently results from a direct interaction between
pTyr-397 and PLC-g1-SH2C. Experimental evidence for
PLC-g1 activation resulting from integrin interactions has
accumulated over recent years. Antibody-crosslinking of b2
integrin on T cells (22) and b1 integrin on pancreatic acinar
cells (23) stimulates tyrosine phosphorylation of PLC-g1 as-
sociated with Ca21 mobilization. Adhesion of rat glomerular
epithelial cells to collagen, mediated in part by b1 integrins,
increases membrane association and tyrosine phosphorylation
of PLC-g1, and production of inositol phosphates and diacyl-
glycerol (24, 25). Tyrosine phosphorylation of PLC-g1 also has
been observed in response to b1 integrin-mediated adhesion of
human skin fibroblasts to collagen (26) and in intestinal
epithelial cells migrating in a monolayer wound model (27).
And rapid elevation of diacylglycerol has been observed after
fibronectin plating of vascular smooth muscle cells (28). Our
results provide possible mechanistic insight into these obser-
vations and are compatible with other studies showing in vitro
binding of PLC-g1 SH2 domains to FAK (11) and in vivo
association of FAK and PLC-g1 after integrin-mediated lipo-
cyte adhesion (29).

Our data suggesting a direct interaction between FAK
pTyr-397 and the C-terminal SH2 domain of PLC-g1, when
considered with previous findings that FAK pTyr-397 interacts
with SH2 domains of Src-family kinases (6, 7) and the p85
subunit of PI3K (8), emphasize a multifunctional signaling role
for the FAK autophosphorylation site. The observed apparent
affinities of FAK pTyr-397 with these SH2 domains (Fig. 1 A)
is generally consistent with past observations on SH2 binding
specificity and structure. The strong interaction between FAK
and c-SrcSH2 is predicted by the resemblance of the optimal
SrcSH2 recognition motif (pTyr-Glu-Glu-Ile) (30) to the FAK
pTyr-397 site (pTyr-Ala-Glu-Ile) and importance of 13 Ile
interactions in high-affinity binding (31, 32). The weaker
interactions of the p85 SH2 domains likely reflects the bulky
FAK pTyr-397 13 Ile being poorly accommodated by the
narrow 13 binding pockets of these SH2 domains (33). Be-
cause both PLC-g1 SH2 domains select 11 and 13 hydro-
phobic residues, and PLC-g1-SH2N shows additional selectiv-
ity for acidic residues at the 12 position (30), our data
indicating poor recognition of FAK by PLC-g1-SH2N were
unexpected. However, structural studies on PLC-g1-SH2C
(34) suggest that the 12 position of a high-affinity peptide is
relatively unimportant in stabilizing the interaction. Of the
PLC-g1-SH2C residues making contact with the high-affinity
peptide, those interacting with the 11 residue (Ile) are most
poorly conserved in PLC-g1-SH2N, suggesting this position is
important in differential peptide recognition by PLC-g1 SH2
domains. It is thus notable that the FAK pTyr-397 11 Ala is
structurally more similar to the Val optimally selected (30) at
the 11 position by PLC-g1-SH2C than the Leu optimally
selected by PLC-g1-SH2N.

It is well established that the interaction of PLC-g1 with
receptor tyrosine kinases promotes PLC-g1 activity, and this
likely involves structural changes in the PLC-g1 catalytic
domain brought about by both SH2 domain interactions with
receptor autophosphorylation sites and receptor-mediated ty-
rosine phosphorylation of PLC-g1 (reviewed in refs. 35 and
36). Our observations of FAK-enhanced PLC-g1 tyrosine
phosphorylation and activation dependent on Tyr-397 suggest
that similar mechanisms are involved in adhesion-induced
activation of PLC-g1 signaling. However, FAK does not di-
rectly phosphorylate PLC-g1. Nor does the ability of FAK to
promote PLC-g1 activity appear to be solely attributable to
PLC-g1 tyrosine phosphorylation because expression of F576y
F577-FAK stimulated PLC-g1 activity in COS-7 cells while not
effectively elevating PLC-g1 pTyr levels. Also, we have been
unable to detect significant changes in total PLC-g1 pTyr levels
associated with adhesion-stimulation of PLC-g1 activity in
induced vs. noninduced Tet-FAK(WT) cells, although we
noted increased recovery of tyrosine-phosphorylated PLC-g1
from an insoluble cytoskeletal fraction after fibronectin-
replating of the induced, relative to noninduced, Tet-
FAK(WT) cells (data not shown). Nevertheless, PLC-g1
bound to FAK may be phosphorylated by Src-family kinases
present at sites of cell adhesion, and this may contribute to
PLC-g1 activation. The Src-family kinases could be brought to
the adhesion complexes, and activated, through their SH2y
SH3-mediated interactions with other FAK molecules in the
complex (e.g., those not bound to PLC-g1 or PI3K) or with
FAK-associated proteins such as p130Cas and paxillin (3). The
demonstrated ability of Src to phosphorylate (refs. 20 and 21;
Fig. 3) and activate (37) PLC-g isoforms supports this mech-
anism, as do observations of PLC-g1 recruitment to focal
adhesion complexes, along with c-Src and FAK, on integrin-
mediated cell adhesion (38). Evidence indicating that growth
factor stimulation of PLC-g1 activity may result in part from
plasma membrane translocation via its pleckstrin homology
domain interacting with phosphatidylinositol 3,4,5-trisphos-
phate (39) raises the possibility that the ability of FAK to
activate PI3K (8) also may play a role leading to integrin

FIG. 4. FAK Tyr397 is required for cell adhesion-promoted FAK:
PLC-g1 association and inositol phosphate production. (A) Tet-
FAK(WT) and TetFAK(F397) cells maintained in the presence or
absence of tetracycline were lysed at subconfluent density, and FAK
immunoprecipitates (IP) were examined for the presence of PLC-g1
(Upper) or FAK (Lower) by immunoblot (IB) analysis. (B) The same
cells, maintained in the presence or absence of tetracycline, were
serum-starved (20 hr in DMEM containing 0.5% FBS) and then were
detached by trypsin and either were maintained in suspension or were
replated onto fibronectin-coated dishes and allowed to spread for 30
min. Both suspended and fibronectin-replated cells then were lysed,
and FAK immunoprecipitates were subjected to immunoblot analysis
using antibodies against either PLC-g1 (Upper) or FAK (Lower). (C)
Serum- and inositol-starved adherent TetFAK(WT) and Tet-
FAK(F397) cells were labeled with myo-(2-3H) inositol, were har-
vested by trypsinization, and were resuspended in serum- and inositol-
free DMEM. One half of the cell suspension was replated onto a
fibronectin-coated cell culture dish and was allowed to attach and
spread whereas the other half was held in suspension. After 30 min,
free inositol phosphates of both suspended and fibronectin-adherent
cells were extracted, and [3H]inositol phosphates were quantitated by
scintillation counting. The relative production of total inositol phos-
phates is shown as cpm per mg of total residual cellular protein. Data
presented are means (1SEM) from four independent measurements.
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stimulation of cellular PLC-g1 activity. Additional studies will
be needed to clarify the mechanism by which FAK pTyr397
promotes PLC-g1 activity.

FAK signaling, requiring Tyr-397, enhances integrin-
dependent cellular functions, including cell spreading (10, 40),
migration (10, 41), and survival (42). Our observations raise
the possibility that PLC-g1 acts downstream of FAK and
contributes to these responses. PLC-g1 activity has been
previously implicated in pathways leading to cell spreading
andyor migration. PLC-g1-null (knockout) fibroblasts exhibit
a more rounded morphology than their normal counterparts
(43). And receptor tyrosine kinase-mediated PLC-g1 activa-
tion plays a role in platelet-derived growth factor- and epi-
dermal growth factor-induced motility (27, 44, 45). The mech-
anism by which PLC-g1 could stimulate cell spreading or
migration is presently unclear, but pathways regulated by
protein kinase C have been implicated (28, 46–48), and both
phosphatidylinositol 4,5-bisphosphate hydrolysis and Ca21 el-
evation are known to regulate actin-binding proteins (e.g.,
profilin, gelsolin, vinculin) involved in the cytoskeletal remod-
eling associated with these processes (49, 50). Our findings also
raise the possibility that PLC-g1 signaling could contribute to
the ability of FAK ability to stimulate ERK kinase activity and
progression through G1 phase of the cell cycle (51, 52). Future
studies aimed at determining the mechanisms by which FAK
signaling affects cell behavior should consider the possible role
of PLC-g1.
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